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I. INTRODUCTION
This is the first of several papers describing the work of the National Bureau of Standards on the color standardization of railroad signal glasses. This standardization has resulted from the cooperative efforts of the Signal Section of the Association of American Railroads (formerly the American Railwa. y Association), Corning Glass Works, and the National Bureau of Standards. The Bureau's work was acti vely started in 1930 and has been formally reported to the cooperating organizations at various times since then. 1 These papers will
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Standardization: of Signal Glasses 629 limits were apparently tacitly used as chromaticity limits. 6 By specifying the spectral transmissions of the standard roundels, a fundamental record of the colors of the glasses was attempted. The values so specified are given in table 1 and illustrated in figures 1 to 6. ---------1 -----1 ------------------- In 1918, as a result oflimprovements in glass-making technique, the medium values for red, yellow, and green roundels were increased from 100 to 130, 120 , and 150, respectively, with corresponding increases in the light and dark limits. A new specification was formulated, designated both as 1918 and 6918, in which new tables of spectral transmission were given for the medium roundels. These values are given in table 2 and illustrated in figures 1 to 6. They are considered further below.
This extension of the transmission (photometric) limits to higher values was based in considerable part, apparently, on values obtained by direct photometric comparisons of glasses of somewhat differing chromaticity, which introduced undesirable personal uncertainties common to heterochromatic photometry. The situation was eventually made still worse with the introduction of "electric purples," "electric lunar whites" (glasses designed for use solely with incandescent-lamp illuminants), and other types of glass differing notably in both luminous transmission and chromaticity from the original standards having transmission values designated as 100. Furthermore, the original standards had become lost. The first step in the present standardization, therefore, was to select new replicas of the lost standards and measure and define the transmissions of these new standards in ftlt1damental terms.
Although the original standards were missing, the transmission scale itself bad undoubtedly been maintained close to its original value by means of duplicate working standards at Corning Glass Works. To reestablish the scale on an official basis, Mr. Mock, in October 1930, endorsed six roundels as the new ARA standards, engraving each "J. C. Mock, The designated trans-• However, the 1908 specification does state that "The manu[actnrer must submit samples of glasses showing the extreme limits o[ colors which it is proposed to furni sh. These shall bear lahels showing the photometric values * * *." 'l' here were also given in the specification certain qualitative restrictions tending to prevent glass of undesirable color from heing used. This original specification is considered further in section IV, helow. 
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Standardization of Signal Glasses
::; Although the ARA Signal Section and Corning Glass Works desired that fundamental measurements be made on their standard glasses and that such standard glasses be placed in the custody of the N ational Bureau of Standards, there were objections to using the six standard roundels for these purposes. These roundels were unpolished and relatively large (8 3/8 in. in diameter), and were therefore unsuitable for precise spectrophotometric measuremen ts; furthermore , Corning Glass Works wished to retain them. Accordingly, Dr. Gage prepared six 2-in. poIished squares for each of the six signal colors, these 2-in. squares duplicating the respective 8 3/8-in. roundels, both in chromaticity and in transmission, as closely as was feasible. At the request of the ARA subcommittee in charge, one of the authors thereupon went to Corning and measured the values of TARA for each of these 36 squares in terms of the respective standard roundels, using the same apparatus and method as had been used for several years in Color relative to standard Thickness on label K.S .G. Mean .
• • __ I The record shows comments on but 2 of the 6 blue glasses. It is uncertain whether the other 4 should be designated "more saturated" or "match."
I DetaiJR of these measurements are given in report 1, Signal Section Proc., Am. Ry. Assoc. 30, 384 (1933) .
It had been agreed 8 that, of these six 2-in. glass squares of each color, one pair was to be deposited with the National Bureau of Standards, one pair with the secretary or other designated custodian of the ARA, and one pair to remain the property of the Corning Glass Works Optical Laboratory. The Bureau's glasses are identified in table 6 as Band B I , the ARA glasses as A and AI, and the Corning glasses as 0 and 0' . After the measurements at Corning, noted above, these glasses were taken to the Bureau for further measurement, it having been further agreed that when values had been finally assigned these glasses by the National Bureau of Standards they would then "become the official primary ARA standards and all others, including the present Corning standards, are to be subsidiary to them."
These further measurements at the Bureau are described below. On the basis of these measurements, the individual values of TARA, given in column 4 of table 4, were to be revised if necessary to secure more precise relative values among the six glasses of a given color; but such revision was not to change the mean values of TARA, given in column 4 for each color. These mean values were to be retained as correct and final, on the basis of which a fundamental definition of the ARA scale of transmission was to be adopted.
III. EXPRESSION OF THE ASSOCIATION OF AMERICAN RAILROADS SCALE OF TRANSMISSION ON A FUNDA-MENTAL, ABSOLUTE BASIS
The measurements on these glasses at the Bureau consisted in: 1. Measurement oj the spectral transmission oj the B glass oj each color.-The values obtained are given in table 5 and are illustrated in figures 1 to 6. The instruments and methods, visual and photoelectric, have been adequately described previously.9 Measurements of transmission (where measurable) were made by one or b(')th methods at every 10 mM from 380 to 760 mM, in addition to visual measurements at various wave lengths of the Hg and He spectra from 404.7 to 667 .8 mM. The overlapping of the wave-length ranges of the visual and photoelectric data was extensive in all cases, and the agreement of the data usually good. The values adopted, table 5, are considered uncertain in the last figure given.
2. Measurement oj the ratios oj transmission oj the A and 0 glasses to the respective B glasses as ajunction oj wave length.-The values obtained are illustrated in report 2.10 From these measured ratios of transmission and the spectral transmissions of the B glasses, the spectral transmissions of the A and 0 glasses were computed. These are also given in table 5. • K. S. Gibson, Direct-reading photoelectric measurement of spectral transmission,l. Opt. Soc. Am. and Rev. Sci. Instr. 7, 693 (1923 
. 0000
. .::..=. Figure 7 has been prepared to assist in imparting an understanding of the computation of T2360, as just outlined. In this figure are given the spectral-distribution curves of (1) E2360, arbitrarily unity at 560 m,u, (2) V, arbitrarily unity at the maximum, (3) the light, VE2360 (the product of V and E2360, taken at each wave length) for a source at 2,360° K, and (4) the light from this source transmitted through the respective B glasses having spectral transmissions, T, this transmitted light having the distribution TVE2360• The ratio of summations given-above in defining T2360 is, for each of the six colors, equivalent to the ratio of the area beneath the TVE2360 curve to the area beneath the VE2360 curve. Furthermore, of course, the areas beneath the TVE2300 curves have the same relative values as do the respective values of T2360, the area beneath the curve for the yellow glass being the greatest, that beneath the curve for the purple glass the least, just as the luminous transmission of the yellow glass is the greatest and that of the purple glass the least.
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Determination oj the relative luminous transmissions oj the A, B, and a glasses oj each oj the six colors jrom the computed values oj
T236o.-These relative transmissions are given in column 5 of 7. Oonversion oj these relative luminous transmissions to the ARA scale.-It will be r' ecalled that the mean values of column 9 of table 6 (and column 4 of table 4) were to be accepted as correct and final. Therefore, by dividing these mean values of column 9 by the respective mean values of column 6, factors are obtained, one for each color, by which the individual values of column 6 may be converted to revised ARA transmissions. These factors are given in parentheses in place of the means in columns 7 and 8, and the revised transmissions on the ARA scale are given in column 10. These revised transmissions were designated as T' AnA throughout reports 1 to 6. After the American Railway Association changed its name in 1933 to Association of American Railroads, it was deemed desirable to change the symbol T' ARA to TAAn , eliminating the use of the prime mark. The meaning of T.!.An is in all cases identical to that of T' ARA wherever the latter is used or published. - Mean _____________________ I __________ -__ -__ -__ -__ -__ +_-__ -__ -__ -__ -__ -_1 --. 0 -028 -1 ._-__ -__ -_-__ -__ -__ 1 --. 9 -9 -91 -1------- (table 6) . This was at first cut back to 0.189 and was so published in report 5 and in J. Opt. Soc. Am . : U, 57 (1934) . Later work has, however, indicated that 0.190 is a more accurate conversion factor than 0.189.
It may be noted that these conversion factors are valid only at 2,360° K; in fact, the TAAR scale, by definition, exists only at this color temperature of illuminant. The variation of absolute luminous transmission, T~, with color temperature, e, of illuminant will be shown for various signal glasses in a later paper.
The question may perhaps arise as to why, in a fundamental analysis and standardization of signal glasses and colors such as the present, the ARA scale of transmission was not entirely discarded in favor of the absolute scale. It is obviously just as convenient, and from the scientific standpoint preferable, to insert absolute rather than relative values in a specification. Such a change was not made, however, for the following reason:
The ARA scale of transmission (with perhaps some variation, see below) has been in existence for over 30 years and has been universally used by the signal engineers and glass manufacturers to designate the luminous transmission of a glass relative to its respective standard (TARA =100). It would be a matter of considerable inconvenience for the engineers and manufacturers to use a new scale, and continual reference to a conversion table would be necessary for a long time. Such confusion was deemed unnecessary and was avoided by the procedure outlined in this section, whereby the existing scale was kept in effect with relatively minor revisions but was placed on a consistent absolute basis by means of the conversion factors specified.
In accord with the understanding noted earlier in the paper, the A and A' glasses have been deposited with the Signal Section of the Association of American Railroads (letter of 1-5-38, Director NBS to Mr. Balliet, secretary, AAR Signal Section), the 0 and 0' glasses have been deposited with Corning Glass Works (letter of 1-5-38, Director NBS to Corning Glass Works), and the Band B' glasses are in the custody of the Colorimetry and Spectrophotometry Section of the National Bureau of Standards. It should be noted, however, that the present standardization of the AAR scale of luminous transmission, being based upon fundamental measurements and computations, is independent of these standard glasses which were used in its determination, and if these material standards ever become lost or damaged, the accuracy and usefulness of the scale, as defined in table 7, will in no wise be affected. THE 1908 , 1918 , AND 1935 (AND 1938 
SP E CIFICATIONS
It is of interest to compare the present AAR transmission scale, as defined for the six signal colors by the data of table 7, with the RSA scales, defined by the data of tables 1 and 2, taken from the 1908 and 1918 specifications, respectively. From the continuity of the signalglass standardization since 1908, as outlined above, huge differences between the three scales 15 are not to be expected. On the other hand, it would be very surprising if the personal errors of heterochromatic photometry, which have been involved in the production and the maintenance of the earlier scales and to some extent in the transfer of standards illustrated in table 4, and the lack of precision of some of the earliest spectrophotometric data, did not cause real or apparent changes of many percent in the true luminous transmission of glasses having values of T IJ1!A or T lin equal to 100, as defined in the various specifications.
Reference to the spectral-transmission data of figures 1 to 6 is of interest in this connection. The spectral quality of the glasses would seem to have improved since 1908, particularly in the case of the yellow, blue, purple, and lunar-white glasses. This is indicated by the increase of transmission at the hi~h transmissions, accompanied in many cases by a decrease of transmIssion at the low transmissions. On the basis of these data one would judge that glasses of purer, more saturated colors had been developed with no loss of luminous transmission; or, of greater practical importance, that signal glassware of considerably greater transmission had been developed with no loss of distinctness of the signal color. However, it is understood that no intentional changes have ever been made in the composition of the blue, purple, or lunar-white glasses. Probably, therefore, the apparent differences in these graphs are largely due to spectrophotometric error in the earlier data. Ohanges in either the type of glass or the medium value have been made at various times with the red, yellow, and green glasses, but these will be considered in the later papers.
It had been hoped to make accurate comparison of the three transmission scales from these spectrophotometric data by (1) deriving the luminous transmission, T2360, of the glasses from the 1908 and 1918 data, as had been done from the 1935 data, and (2) reducing these values of T2360 by the proper ratio (TnsA/I00) to get the value of T2360 corresponding to TIJ1!A =100. However, the 1908 data are so meager that the uncertainties of interpolation would largely defeat the purpose. Furthermore, their reliability is open to some question, not only for the reason noted above but also in view of (1) the erratic values for the yellow glass at the longer wave lengths and (2) the zero values of transmission for certain of the glasses at the A line (761 m,u), which, in view of present knowledge of the spectral absorption of glasses, cannot be correct if the data at the a and B lines are reasonably accurate.
The 1918 data are more extensive and reliable, however. The data are given at every 20 m,u (table 2) , and values of T2360 computed from these data should afford an interesting comparison. To make this " In the preceding parts of the paper the various transmission scales to which reference is made in the present section have been mostly treated as various versions of the same scale. It is more convenient in this section to consider them as separate scales. Vol. es comparison as valid as possible, the values so computed have been compared with similar values computed from the recent spectrophotometric data (table 5) for the same wave lengths (every 20 mtL) instead of using the values of T2360 given in tables 5 and 6. The values for the B glasses were used for this purpose. Results are given in table 8.
It will be noted that none of the differences is as large as 10 percent . 'rhe differences for the blue and purple standards 16 are subject to large uncertainty, because but one significant figure is given in the 1918 spectral-transmission data for these glasses (table 2) in the region of high luminosity (510 to 650 mtL). The differences for the yellow, green, and lunar-white standards are subject to less uncertainty from this cause. Those for the yellow and green are probably explainable by the uncertainties of heterochromatic photometry. Reference to column 4 of table 6 shows average deviations for the red glasses up to 2 percent, and the chromaticity differences involved in those comparisons are probably much less than those present when the changes from 100 to 120 and 150 were made for the respective yellow and green medium glasses. (It follows, of course, that the close agreement shown in table 8 for the red standards is fortuitous.) The reason for the difference in the values for the lunar-white standards is uncertain.
Inspection of figures 1 to 6 would indicate that the original (1908) yellow and lunar-white standards would have a TZ360 value considerably ill excess of both the 1918 and the 1935 standards, but no certain differences are indicated by the data for the standards of the other colors. As already explained, it seemed inadvisable to attempt computations of TZ360 from the 1908 data. In conclusion, the authors wish to call attention to the pioneering work of the railroad signal engineers in color specification. No search of the literature has been made, but, so far as the authors are aware, the 1908 specification was the first effort, at least in this country, to place the colorimetric part of a purchase specification on a fundamental basis. This specification was the result of cooperation between the Railway Signal Association and Corning Glass Works. It followed logically the very excellent treatment given in a paper 17 entitled, The Roundel Problem, by ~Wm. Churchill of Corning Glass Works.
This 1908 specification contained the following features essential to all complete and adequate colorimetric specifications: . 1. It was based fundamentally on spectrophotometric analysis of the standards.
2. It specified tolerances within which the manufactured product must come.
That the spectrophotometric analyses and the colorimetric specifications were somewhat inadequate, judged by present-day criteria, in no wise detracts from the foresight and judgment leading to the formulation of a specification so far in advance of its time. The lack of spectrophotometric precision was largely remedied in the 1918 specification, but the adequate colorimetric specification of the tolerances had to wait until first the Optical Society of America 18 and then the International Commission on Illumination 19 had set up computational procedures and data suitable for such purpose. 20 It is interesting to note, however, that the "mixture diagram", so essential in specifying the chromatic properties of signal lights, was illustrated in colors and used by Dr. Churchill in his study of the characteristics of signal glassware, to which reference has just been made. WASHINGTON, March 28, 1939. 
